Two-dimensional gel electrophoresis (2-DE) is a gel-based technique widely used for analyzing the protein composition of biological samples. It is capable of resolving complex mixtures containing more than a thousand protein components into individual protein spots through the coupling of two orthogonal biophysical separation techniques: isoelectric focusing (first dimension) and polyacrylamide gel electrophoresis (second dimension). 2-DE is ideally suited for analyzing the entire expressed protein complement of a bacterial cell: its proteome. Its relative simplicity and good reproducibility have led to 2-DE being widely used for exploring proteomics within a wide range of environmental and medically-relevant bacteria. Here we give a broad overview of the basic principles and historical development of gel-based proteomics, and how this powerful approach can be applied for studying bacterial biology and physiology. We highlight specific 2-DE applications that can be used to analyze when, where and how much proteins are expressed. The links between proteomics, genomics and mass spectrometry are discussed. We explore how proteomics involving tandem mass spectrometry can be used to analyze (post-translational) protein modifications or to identify proteins of unknown origin by de novo peptide sequencing. The use of proteome fractionation techniques and non-gel-based proteomic approaches are also discussed. We highlight how the analysis of proteins secreted by bacterial cells (secretomes or exoproteomes) can be used to study infection processes or the immune response. This review is aimed at non-specialists who wish to gain a concise, comprehensive and contemporary overview of the nature and applications of bacterial proteomics.
INTRODUCTION
The genomic era began when the first bacterial genomic sequence, that of Haemophilus influenzae Rd, was completed in 1995 (Fleischmann et al., 1995) . With ongoing advancements in sequencing technologies, the ability to sequence entire genomes has become progressively easier, faster and cheaper to achieve. This has resulted in an exponential growth in the number of species whose genomes have been sequenced, which greatly advanced our understanding of the natural world. Furthermore, genome-based approaches have revolutionized our whole approach to study organismal biology, especially that of bacteria. Sequencing the genome sequence of a bacterial species or an isolate enables us to gain insight into its biochemistry and cellular physiology, and an understanding of how it may adapt to its specific ecological niches. It also gives us the ability to study its evolutionary history and genetic relationships to other organisms. Genomic information has led to massive advancements in drug and vaccine discovery, molecular epidemiology, diagnostic bacteriology and knowledge of antimicrobial resistance mechanisms (Rappuoli, 2001; Miesel et al., 2003; Mora et al., 2006; Parkhill and Wren, 2011) The genome is a static phase that contains a set number of genes that encode proteins or functional RNA molecules, e.g. ribosomal RNA (rRNA), transfer RNA (tRNA) or non-coding RNA (ncRNA). Sequencing an organism's DNA complement reveals its genetic makeup; however, it is proteins that mediate the vast majority of cellular processes. It is often inaccurate to depend solely on genomic information to infer the functions of proteins, or to rely purely on transcriptomic data (i.e. the production of messenger RNA) to quantify protein expression levels. Cellular protein expression patterns are highly dynamic, in terms of how they are synthesized, degraded, modified, or distributed within or without the cell. It is more accurate and informative, yet often more technically-demanding, to study proteins directly.
The term 'proteome' was first coined by Marc Wilkins in 1994, to describe the entire set of proteins encoded by the genome of an organism, cell or tissue at a given time (Wilkins et al., 1996) . The study of proteomes is termed 'proteomics,' and may involve a variety of different aspects related to the study of proteins at a global or organismal level. This includes the analysis of protein expression patterns, biological functions, macromolecular protein structures, spatiotemporal intracellular distributions, stabilities and turnover rates, post-translational protein modifications as well as protein-protein interactions. 'Modern' approaches towards the large-scale study of proteins began in the mid-1970s, when a technique known as two-dimensional electrophoresis (2-DE) was first developed (Klose, 1975; O'Farrell, 1975) . 2-DE combines two different separation methods: isoelectric focusing (IEF) and 'conventional' sodium-dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). This approach enables complex mixtures containing many hundreds to thousands of different proteins to be spatially-resolved in two-dimensional space using a gel-based matrix. Individual protein components may be subsequently visualized as 'spots' on the gels, which have diameters of a few millimeters (gels used are generally Y cm × Z cm). Developments in 2-DE over the last thirty years or so have transformed protein-based research from a hypothesis-driven to a discovery-driven science. Boosted greatly by the availability of complete genome sequences, comprehensive protein databases and powerful computational tools, large-scale protein analysis has become increasingly well-used for deciphering protein function and identifying protein networks and regulatory mechanisms. Nowadays, proteomic investigations are generally conducted using three general approaches: (1) gel-based techniques, (2) non-gel-based techniques, and (3) computational (predictive) approaches. The former two approaches are based on the separation of complex protein mixtures using gel or non gel-based matrices, whereas predictive proteomics are performed entirely in silico. In this review, we give a historical overview of the development of 2-DE methods. We summarize the major 2-DE applications used for studying bacterial proteomes, and highlight their respective advantages and disadvantages. We also briefly discuss several non gel-based approaches that may be used to complement gel-based techniques.
HISTORICAL OVERVIEW OF 2-DE
In the 1950s, it was well recognized that traditional one-dimensional gel-based separations were incapable of resolving complex protein mixtures into individual component species (Klose, 2009) . Independently developed by O′Farrell, Klose and Scheele in 1975 , 2-DE is a powerful gel-based technique that enables the separation of complex protein mixtures into individual protein 'spots,' based on their isoelectric point (pI) and molecular weight (MW) (Klose, 1975; O'Farrell, 1975; Scheele, 1975) . In one of these pioneering studies, O′Farrell successfully separated Escherichia coli cell extracts into thousands of protein components, representing the first example of 'bacterial proteomics' using the 2-DE approach (O'Farrell, 1975) . 2-DE is a gel-based approach widely used for analyzing the protein composition of a given biological sample. As suggested by its name, this technique involves the use of two orthogonal techniques to 'resolve' or separate the component proteins. During the first 'dimension,' IEF is used to separate the proteins by their charge. This is followed by denaturing SDS-PAGE for the second dimension, where proteins are separated on the basis of their size or MW. IEF is an electrophoretic method that separates proteins based on their respective pI values. Being amphoteric molecules, proteins carry a varying net charge, depending on the pH of their surroundings. This is the sum of all the negative and positive charges on its constituent amino acid side chains (including those of modified groups), as well as its amino (N) and carboxy (C) termini. During IEF, proteins move along a pH gradient under an applied electrical field (potential difference) until they reach a position where their net charge is zero. Thereby, proteins are effectively separated on the basis of their small intrinsic differences in charge. SDS-PAGE is an electrophoretic method whereby proteins are separated by their molecular weights during migration through the pores of a polyacrylamide gel matrix containing an ionic detergent, SDS. SDS molecules effectively mask the intrinsic charge of the proteins by coating their surfaces, forming anionic complexes that have an overall net charge which is roughly proportional to the molecular weight of the protein. This is generally performed under reducing conditions, e.g. a reducing agent such as dithiothreitol (DTT) is added, to cleave intraand inter-protein disulfide bonds. This improves protein resolution and reduces the complexity of the pattern obtained. © Higher Education Press and Springer-Verlag Berlin Heidelberg 2012
After separation in the second dimension, protein components that are resolved on the polyacrylamide gel matrix can be detected and visualized by various chemical staining methods. The most common staining techniques involve the use of a highly-colored organic dye (Coomassie Brilliant Blue, known as Coomassie staining), silver ions (silver staining), or fluorescent dyes, such as Sypro® Ruby (Molecular Probes®) or Deep Purple TM (GE Healthcare). These three staining methods have differing protein detection sensitivities: Coomassie staining (detection limit ca. 8-16 ng), silver staining (detection limit ca. 2-4 ng) and fluorescent dyes (detection limits ca. 1-100 ng) (Poland et al., 2005) . The choice of staining method depends upon the practical and experimental parameters (e.g. protein concentrations, cost, speed), as well as compatibility downstream applications, especially in the use of mass spectrometry (see below). A key parameter is dynamic range: the range of protein concentrations for which the intensity of the stain is directly proportional to levels of protein present in the spot. After the protein spots have been visualized by staining, gel scanning can be performed (using a flat-bed gel scanner/densitometer) to obtain a digitalized image for downstream analysis. In a typical set of experiments, several identical replicates are performed to obtain a 'reference map.' The image of this map may be systematically compared, i.e. 'matched' to gel images obtained using different experimental conditions, to identify changes in protein spot patterns and 'volumes' (spot intensity × area). A variety of commercial 2-DE analysis software packages are available to perform such tasks in a highly reproducible and automated manner, e.g. ImageMaster (GE Healthcare), PDQuest (BioRad) and Progenesis (Nonlinear Dynamics) (Garrels, 1989; Appel et al., 1991; Rosengren et al., 2003; Medberry et al., 2005) . Despite its powerful ability to resolve complex protein mixtures, it should be noted that 2-DE was not initially widely used. Its greatest deficiency was its poor reproducibility. When this technology was first developed, the pH gradient that was used to separate proteins in the first dimension was often quite unstable and non-uniform in nature. At that time, protein IEF was performed using a tube-like gel containing a pH gradient that was constructed using soluble (freely-mobile) carrier-ampholytes. IEF gels containing a pH gradient that was composed of immobilized-ampholytes were subsequently developed (Bjellqvist et al., 1982) . These were far more robust and uniform in nature, and are now widely used due to their excellent reproducibility. Both linear and non-linear pH gradients, which span a number of different pH ranges, are now commercially available (Bjellqvist et al., 1982; Cordwell et al., 2000; Görg et al., 2000; Patton, 2002) .
In the early days of 2-DE, the other main limitation was the ability to identify the protein(s) present within the individual 'spot' on the gels. The Edman sequencing (degradation) approach, which was developed during the 1950s, was widely used for this purpose (Edman, 1950) . This technique involves chemically-labeling the amino acid residue at the N-terminus of the protein/peptide, which results in it being cleaved from the chain, such that it can be subsequently identified by a chromatographic or electrophoresis-based method. This process is repeated in an iterative manner, allowing the primary sequence of the protein chain to be identified in a stepwise fashion (Edman, 1950; Edman and Begg, 1967) . However, Edman degradation is not applicable to proteins whose N terminal amino acid is post-translationally modified (e.g. N terminal formylation) and only a maximum of ca. 40 amino acids can be identified each time. When used for the identification of multiple protein spots on a 2-D gel, this method becomes increasingly tedious and expensive. In order for 2-DE to become a truly widespread approach for proteome analysis, an alternative method was required for the rapid, large scale identification of protein spots. In the 1990s this arrived, with the introduction of mass spectrometry (MS)-based approaches for protein identification.
IDENTIFICATION OF PROTEIN SPOTS ON 2-D GELS USING MASS SPECTROMETRY
MS is a fast, sensitive and highly reproducible analytical technique that is used for the identification of chemical molecules, based on the determination of their molecular mass (Guerrera and Kleiner, 2005) . It is widely used for the identification of unknown compounds, as well as the detection of compounds of known identity. Structural and compositional information may also be reliably inferred via analyzing the masses of breakdown products (molecular fragments) formed during mass spectrometric analysis. However, the analyte must be volatile and must be capable of being ionized, in order to be analyzed on a mass spectrometer (Aebersold and Mann, 2003) . Progressive technical advances in MS approaches such as fast atom bombardment (FAB), matrix-assisted laser desorption ionization (MALDI) and electrospray ionization (ESI) have enabled increasingly larger peptides and then protein molecules to be analyzed (Morris et al., 1981; Karas and Hillenkamp, 1988; Fenn et al., 1989) .
A mass spectrometer comprises three basic components: an ion source, a mass analyzer and an ion detector. The ionized peptide molecules are produced in the ion source, and then separated by their mass-to-charge (m/z) ratios in the (electromagnetic) mass analyzer, before being detected and recorded. The output is in the form of a series of mass-to-charge (m/z) peaks, known as a mass spectrum. Proteins (peptides) are identified by systematically comparing the m/z values obtained, which correspond to (singly or multiply-charged) ions of intact or fragmented molecules produced during the ionization process, with on-line or in-house databases using a variety of bioinformatics approaches (see below). Not only can MS be used to obtain the molecular mass of a protein, it can also provide compositional and structural information. For example, post-translational modifications to the peptide backbone, such as glycosylation or phosphorylation can also be revealed (Aebersold and Goodlett, 2001 ). MS may be used in a high throughput manner for the accurate identification of protein components present within complex mixtures in combination with other techniques, making it an invaluable component of modern proteomic analysis.
MS is routinely combined with 2-DE for proteome characterization, as MS alone cannot be used to analyze, identify or quantify the protein components present in complex mixtures. Proteins isolated from spots on the gel are generally broken down into peptide fragments prior to MS analysis, as these molecules can be identified far more accurately, and more conveniently by this technique . This is generally achieved by chemical fragmentation, e.g. treatment with cyanogen bromide (CNBr), or by using a non-specific or (partially) site-specific protease, also known as an endoproteinase (e.g. trypsin, chymotrypsin, Lys-C, and Glu-C). Various forms of chromatography (e.g. reverse phase-high performance liquid chromatography, RP-HPLC) or electrophoresis (e.g. capillary electrophoresis, CE) are commonly employed to pre-fractionate and resolve peptide components prior to MS analysis. Both RP-HPLC and CE can be directly coupled 'in-line' to the mass spectrometer, allowing automation and increased convenience and throughput. Further integration with 2-D gel scanners and robotic spot pickers/excisers enables hundreds of protein species resolved on 2-D gels to be analyzed in a highly-automated and accurate manner (Houthaeve et al., 1997; Traini et al., 1998; Breen et al., 2000) .
There are two main approaches for the identification of proteins using MS-based techniques: peptide mass fingerprinting (PMF) and peptide sequencing. PMF is a popular method for protein identification due to its efficiency and simplicity. The idea was first suggested by W. J. Henzel in 1989 , and was introduced in 1993 (Yates et al., 1993 James et al., 1994) . A peptide mass fingerprint corresponds to the set of masses of its component peptide fragments, which are generally produced by digestion with a sequence-specific protease. Trypsin is most commonly used, which cleaves the protein backbone at the carboxyl side of arginine or lysine residues. This generates a set of ca. 10-50 'tryptic peptides' for an average bacterial protein. Like a fingerprint, it is essentially unique for any given protein. In PMF, the set of masses experimentally determined for the peptides produced after protease digestion (e.g. tryptic peptides) is systematically compared to sets of peptide masses obtained after analogous in silico (virtual) digestion of thousands (or millions) of protein sequences held in the large protein databases. Different algorithms had been developed for the comparison of measured masses with theoretical masses for protein identification by means of a scoring system with compromising sensitivity and specificity. The most commonly used algorithms include MASCOT, MS-Fit and SEQUEST (Eng et al., 1994; Clauser et al., 1999; Perkins et al., 1999) . Although the algorithms are different, proteins are identified by analogous comparative methods, with a score assigned for each protein, based on how closely the experimental and theoretical peptide datasets match. A positive identification 'hit' is defined as a score above an arbitrary confidence threshold. This is generally achieved when a large number of individual peptide masses can be matched to the virtual protein digest with high levels of mass accuracy. The protein is deemed 'unidentified' when no high confidence hit is obtained, i.e. the score is below the threshold value (McHugh and Arthur, 2008) . Various statistical or database searching 'filters' may be applied to maximize the probability of identifying the correct protein match, e.g. restricting the database search to proteins encoded by a particular species.
As peptide mass fingerprinting cannot be reliably used to analyze complex protein mixtures, it is most commonly used for the identification of relatively pure proteins, such as those present within individual gel spots obtained by 2-DE. When interfaced with 2-DE, a typical PMF procedure involves several steps: (1) excision of the spot of interest; (2) treatment with an appropriate protease (e.g. trypsin); (3) extraction (purification) of the peptide fragments produced; followed by (4) mass spectrometric analysis. These steps may be performed manually or with the aid of robotic systems. MALDI-MS is generally used for PMF, as it is relatively tolerant of contaminating salts and other impurities. A prerequisite for the success of protein identification via PMF is the existence of an identical or highly similar protein sequence (or its encoding DNA sequence) in a searchable database (e.g. the NCBI GenBank database). When studying multiple proteins from a single organism, which is typically the case for 2-DE experiments, PMF can only be reliably used when the full genome sequence is available. A notable disadvantage of PMF is that it does not establish the actual amino acid sequence of the peptide (protein fragment), which may result in ambiguities when peptides of identical (or near-equal) masses are identified. To circumvent this problem, a peptide sequencing-based approach has been devised for protein identification (Aebersold and Goodlett, 2001) .
Sequence-based approaches for protein identification involve the analysis of (trypsin-generated) peptide fragments using tandem mass spectrometry (MS/MS). MS/MS involves two consecutive stages of mass determination. In the first step, individual peptide ions produced during the first MS procedure (i.e. after ionization, ion separation and ion detection) are fragmented into various component ions by processes such as collision-induced dissociation (CID). The electronic and vibrational excitement of the peptide bonds causes the peptide chain to be fragmented in a predicable manner. This generates predictable sets of fragment ions, which correspond to various forms of the component amino acid residues (Aebersold and Goodlett, 2001 ). These fragment ions © Higher Education Press and Springer-Verlag Berlin Heidelberg 2012 are then introduced into the second mass spectrometer, which accurately determines their individual m/z values. The generated 'ladder' of fragment ions apparent in the mass spectrum can be reliably 'read' to reveal the amino acid sequence of the peptide fragment. Mass spectral data is compared with the protein databases using various customized software packages to identify the protein. This approach is somewhat analogous to Edman degradation, with the notable difference in that tryptic peptide fragments correspond to positions found throughout the protein chain, not just at the N-terminus. MS/MS data can also be used for de novo peptide sequencing, as the 20 common amino acids all have unique masses (with the exception of leucine and isoleucine, which are isobaric, and are therefore often problematic). This approach is highly useful for the identification of proteins of unknown origin, or proteins from organisms whose genomes are yet to be sequenced. Amongst many other applications, it is also invaluable for the identification and characterization of proteins with extensive post-translational modifications, or proteins containing multiple amino acid polymorphisms compared to the genome-sequenced (reference) strains.
ADVANCEMENTS AND CURRENT STATUS OF 2-DE
One of the most notable advancements in proteome analysis made over recent years has been the development of an approach known as 2-D differential gel electrophoresis (2D-DIGE) (Unlü et al., 1997) . This technique is an invaluable approach for analyzing global changes in protein expression patterns within a certain system (e.g. a bacterial organism) that has been subjected to several different conditions. For example, it may be used to study protein expression patterns in bacterial cells that have been cultured under different conditions, or have been subjected to challenge different chemicals or drugs. It involves the chemical labeling of protein samples with amine-reactive fluorescent dye molecules, e.g. N-hydroxysuccinimidyl derivatives of cyanine dyes (CyDyes: Cy2, Cy3, Cy5), prior to analysis using 2-DE. By using an orthogonal labeling approach, i.e. by covalently labeling two or three different protein samples with different fluorescent dyes that have distinct excitation and emission characteristics, they may be mixed and analyzed together on the same 2-D gel ( Fig. 1) (Unlü et al., 1997; Marouga et al., 2005) . Gels are visualized using a commercial fluorescent gel scanner/densitometer to quantify the fluorescence intensity, which is proportional to the amount of (labeled) protein present in each spot. An internal standard or control sample is usually included, to enable sample multiplexing. Gel to gel variation is reduced, as all samples are co-separated under identical electrophoretic conditions. Two matched sets of amine-or thiol-reactive CyDye fluors are available for minimal and saturation labeling, respectively. Minimal labeling involves adjusting the relative ratios of fluorescent labeling reagent and protein, so that an average of one lysine residue on each protein molecule is covalently modified with one fluorescent dye molecule. This is the standard approach, which is used when protein samples are readily available (> ca. 50 ng). Minimal labeling can reduce the occurrence of protein precipitation, due to the relative hydrophobicity of the (Cyanine) fluorescent dye molecules. When the protein sample is scarce, saturation labeling would be preferred, as it can be reliably used to detect differences in protein abundance when only ca. 5 ng of protein sample is available. Saturation labeling involves the modification of all available cysteine residues, typically of fairly low abundance in most proteins, using a thiol-reactive fluorescent dye.
Compared with traditional colorimetric protein stains, fluorescent dyes have high detection sensitivities and a good dynamic range. 2D-DIGE is capable of quantifying small differences in protein levels, making it a popular approach for large-scale expression profiling in a range of biological systems. In the field of bacterial proteomics, 2D-DIGE has become a standard comparative proteomic approach for the study of gene regulation, stress responses, virulence mechanisms as well as environmental adaptation in both Gram-negative and Gram-positive species (Gade et al., 2005; Al Dahouk et al., 2008; Alteri et al., 2009; Franco et al., 2009) . Investigators have previously compared directly the use of 2D-DIGE and colorimetric protein stains to quantify changes in protein expression patterns in E. coli cells treated with benzoic acid (Yan et al., 2002; Han and Lee, 2006) . Analogous results were obtained, revealing that both techniques may be reliably used for protein expression profiling. However, it must be mentioned that there are situations where the use of 2D-DIGE may be less effective than conventional 2-DE approaches. Proteins with a low percentage of lysine residues may be 'under-represented' as they are labeled less efficiently than those with high lysine content. They may appear as protein spots of low intensity (abundance) in 2D-DIGE system because of its low lysine content (Marouga et al., 2005) .
LIMITATIONS OF 2-DE
Despite its impressive capabilities for protein separation and identification, 2-DE may not be a good approach for the analysis of hydrophobic proteins, proteins of low abundance, or samples that contain proteins with concentrations in a large dynamic range Corthals et al., 2000; Rabilloud et al., 2010) . For proteins to be resolved and appear as a single spot on a 2-D polyacrylamide gel, they should be completely soluble, denatured and reduced under the conditions employed. However, this is often highly problematic for certain types of proteins, due to their intrinsic chemical or biophysical properties. Hydrophobic proteins such as membrane-integral proteins or cell surface-associated proteins generally have poor solubility under the chemical conditions used during the IEF dimension, which is All labeled samples are mixed and undergone 2-DE simultaneously on the same gel. Different protein samples resolved on the gel can be visualized using a fluorescent scanner that can excite different wavelengths, corresponding to the fluorescent dyes that are used to label the protein samples. Differential analysis can then be carried out to identify proteins of different expression levels. 2D-DIGE is superior over traditional 2-DE by reducing the number of gels for analysis and reducing experimental errors such as gel-to-gel variations.
performed in buffer of low ionic strength that does not contain ionic detergents. Various attempts have been used to improve their solubility, including the use of alternative detergents and chaotropes (denaturing agents). Even though some notable improvements have been achieved (see section below), hydrophobic proteins remain an intrinsic problem for 2-DE due to the IEF step. Low abundance proteins may be reliably visualized if, more than a few nanograms are present. However, they may be partially or completely occluded (masked) by high abundance spots with similar MW and pI values. Furthermore, it is very difficult to visualize and quantify proteins on the same gel when their relative concentrations differ by many orders of magnitude, as is the case for many biological samples, most notably blood plasma (Greenough et al., 2004) . As a result, 2-DE may greatly under-represent the whole proteome. In such situations, strategies including the depletion of high abundance proteins, the use of very narrow-range IPG strips (~1 pH unit) or proteome subfractionation (see section below), can be employed to enable the detection of low abundance proteins (Greenough et al., 2004; Chevalier, 2010; Rabilloud et al., 2010) .
WHY USE 2-DE?
2-DE is an extremely robust and reliable method for the simultaneous analysis of many hundreds of different protein species present within a single sample. Even though it was initially developed more than 35 years ago, it remains a highly used proteomic technique. To date, there are more than 5000 published articles reporting the use of gel-based approaches for analyzing protein patterns in a plethora of biological systems (Fig. 2) . The reproducibility of the 2-DE approach has been investigated in several inter-laboratory studies, which revealed that when experiments were performed accurately, minimal variations were observed (Corbett et al., 1994; Blomberg et al., 1995) . The most common source of variabili- ty lies within the sample preparation step, as there can be multiple confounding factors. It is often difficult to rapidly stabilize or quench the highly-dynamic biological samples in a consistent manner, so that the entire protein content can be reliably extracted and purified from contaminating factors (e.g. salts that may interfere with the IEF step).
The detection of post-translationally modified proteins is another notable advantage of using a 2-DE approach. Based on the change in pI value, the modified and unmodified protein forms can be separated during the IEF dimension. This enables their identification, quantification and characterization during the second dimension and subsequent mass spectrometric analysis. Modifications including glycosylation, phosphorylation, or the removal of trypsin cleavage site by lysine acylation or methylation, result in changes in overall protein charge, or changes in peptide length or hydropathy. However, such approaches may be technically demanding (Sarioglu et al., 2000; Rabilloud et al., 2002; Wang et al., 2002) .
APPLICATIONS OF 2-DE IN BACTERIAL PROTEOMICS
Since its introduction, 2-DE has commonly been used to study bacterial proteomes, as these are generally considerably less complex than eukaryotic systems. Generating a reproducible pattern of separated proteins with high resolution, 2-DE offers the opportunity for a large-scale qualitative and quantitative comparison of bacterial proteomes. It is a powerful tool for the delineation of bacterial proteomes expressed under different conditions, enabling these to be correlated to biological pathways or other aspects of cellular physiology (Henzel et al., 2003; Völker and Hecker, 2005) . In combination with MS, and the plethora of bacterial whole-genome sequence data currently available, it is often possible to identify almost every single protein spot on the 2-D gel.
Microbial physiology is the field concerned with the study of the metabolic activities, subcellular structure, growth and survival of microorganisms. It has been viewed as a central discipline in microbiology (El-Sharoud and Rowbury, 2006) . Over years, the use of 'systems biology' approaches to study or model the physiology of bacteria has gained increasing attention, as cellular functions are controlled in an integrated and coordinated manner. The use of proteomics, especially 2-DE, is of central importance to such efforts, as it can be used to take 'snapshots' of a large proportion of the entire protein complements of the cell. As transcriptomic (mRNA) information is not always capable of giving a true reflection of the adaptation of microbes towards their changing environment, proteomics is an invaluable tool for directly identifying the functions or connectivities of specific gene products (Han and Lee, 2006; Hecker et al., 2008; Bumann, 2010) .
Protein profiling of bacteria
Profiling the proteome of a bacterium grown under certain conditions can help us to establish a fundamental understanding of its cellular physiology. Since protein expression is an energetically costly process, generally speaking, only the specific proteins directly required for growth, survival or pathogenicity are expressed under a particular physiological condition. Consequently, cataloging all the proteins expressed under a specific set of conditions (including the identification of post-translational modifications) can help identify the components responsible for maintaining certain cellular activities. A bacterium, such as E. coli which has ca. 4300 genes, typically expresses 1000-1500 proteins under standard laboratory growth conditions. This is ideally suited to 2-DE, in which it is possible to simultaneously visualize and quantify a comparable number of protein spots on a single gel (Kalia and Gupta, 2005) . Using 2-DE expression profiling under various culture conditions, it is often possible to identify sets of proteins involved in basic cellular metabolism versus those expressed in response to various cellular stresses or external stimuli. While the majority of 'house-keeping' proteins that function in central metabolic pathways are expressed at relatively constant levels during the active growth stage, many proteins involved in stress response or adaptation are significantly up-regulated from a lower 'basal' level under certain growth conditions. To further investigate the putative physiological roles or biological functions of proteins, various fractionation approaches may be used to establish their predominant cellular localizations. In such approaches, whole cell proteomes may be compared with various 'subproteomes,' which may include extracellular proteins, membrane or cell wall associated proteins, DNA/RNA associated proteins, or cytoplasmic fractions.
Whole cell proteome
2-D gel image database (SWISS-2DPAGE) was established in 1993, with the premise of having an internet-accessible resource where all the spots on high quality 2-D gels of an organism's proteome were clearly annotated and identified (Appel et al., 1993 Regula et al., 2000; Cordwell et al., 2002; Liao et al., 2003; Coelho et al., 2004; Eymann et al., 2004; Folio et al., 2004; Rosen et al., 2004; Encheva et al., 2005; Wang et al., 2005; Encheva et al., 2006) . Through concerted and exhaustive efforts, it is often possible to resolve and identify more than a thousand protein spots in a comprehensive 2-D reference map. As a result, many hundreds of proteins of both known (predicted) and unknown or uncharacterized function are annotated on these 2-D reference gels. For example, the 2-D proteome map for Bacillus subtilis grown in a defined minimal medium at mid-log phase was constructed for proteins with pI values in the range 4-7 (Hecker and Völker, 2004) . This enabled the identification of proteins involved in central metabolic pathways, including carbohydrate metabolism, the biosynthetic pathways of many amino acids, fatty acid and purine/pyrimidine metabolism, as well as proteins involved in RNA transcription, translation and DNA replication. As such, this 2-D gel provided a snapshot of the major proteins involved in basic cellular physiology of this bacterium. As was predicted, the majority of the most abundant proteins were those involved in central physiological processes, such as energy metabolism, protein synthesis and basic cellular processes (housekeeping proteins). This enabled the metabolic pathways that were actively working under the specific growth conditions to be reconstructed, based on the presence of the corresponding enzymes (Hecker and Völker, 2004) .
2-DE may also be used to investigate the proteomes of uncultivable bacteria. The bacterial endosymbiont of the deep-sea tube worm Riftia pachyptila, a single species of sulfide-oxidizing γ-Proteobacteria, cannot be cultivated outside its host. One study has successfully established a reference 2-D gel of the soluble intracellular and membrane associated proteins of this bacterium without cultivation, by direct isolation from its host (Markert et al., 2007) . It was demonstrated that the bacterium had a complex metabolism, with a substantial portion of proteins devoted to sulfide oxidation. The involvement of a reductive tricarboxylic acid cycle in energy metabolism was also established, which was not previously known to occur. This highlights the important role that experimental proteomics can play in understanding 'real' life processes.
Subcellular proteome
For most bacteria, the majority of proteins present in the whole cell proteome, which generally refers to all the proteins that can be extracted after cell lysis, are cytosolic proteins. In the cytosolic fraction, housekeeping and structural proteins generally predominate. As the abundance of cytosolic proteins often varies by more than 4 or 5 orders of magnitude, low abundance proteins are commonly 'masked' by those of high abundance. Thus, the 2-DE analysis of the whole cell proteome does not often reveal a complete picture of the expressed protein complement of a bacterium, under the specific growth conditions employed (Ishihama et al., 2008) . Sample pre-fractionation is therefore commonly utilized as a means to preferentially enrich a target protein group for analysis. This approach, also known as subcellular proteomics, examines the bacterial proteins present in a specific subcellular location (fraction), thus eliminating highly abundant proteins and reducing the overall complexity (Lescuyer et al., 2004) . In a bacterial cell, proteins are often targeted to certain locations (e.g. cell pole, nucleoid, midcell) in © Higher Education Press and Springer-Verlag Berlin Heidelberg 2012 Periplasm can be isolated by cell spheroblasting or cold osmotic shock treatment followed by ultracentrifugation. The cytosolic fraction and membrane fraction can be isolated separately via various cell lysis procedures, detergent treatment and ultracentrifugation. The separation procedures are illustrated in the figure. order to perform specific functions. Therefore, identifying the subcellular localization of an uncharacterized protein can help identify a putative function. In one 2-DE study, researchers fractionated the E. coli proteome, to characterize the protein composition of various cellular extracts (Lopez-Campistrous et al., 2005) . They analyzed 2160 protein spots, identifying 575 unique protein species, including 151 hypothetical proteins, 76 proteins of unknown function, and 222 proteins not previously assigned in the SWISS-PROT database. This highlights the importance of sample fractionation in 2-DE. In general, proteins can be found in cytoplasm, inner membrane, outer membrane, periplasm (in the case of Gram-negative bacteria) or extracellularly (secreted). Various procedures can be used to obtain specific cell fractions, enabling their protein content to be determined (Fig. 3) . For Gram-negative bacteria, the periplasmic extract can be isolated by cell spheroblasting, followed by differential centrifugation, or by a cold osmotic shock method. After separation of periplasmic proteins, cell lysis can be used to isolate the cytoplasmic proteins, with the membrane fraction separated by centrifugation. The inner and outer membranes of Gram-negative bacteria can be isolated by selective cell lysis using lysozyme/EDTA treatment, by mechanical methods such as the use of a French Press, or by using commercially available chemical lysis reagents (mostly detergents) (Thein et al., 2010) . After lysis, distinct inner and outer membrane vesicles are formed, which can be separated from each other by density centrifugation (with the inner membrane vesicles having a higher density). Selective detergent treatment, such as with Triton X-100, which preferentially dissolves cytoplasmic membranes, can also be used to separate inner and outer membrane protein fractions. In Gram-positive bacteria, cell surface proteins have been successfully isolated for analysis. The methodology that is known as surface shaving librates surface exposed protein domains by digesting the cell surface with enzymes such as trypsin or proteinase K. Choosing the appropriate fractionation method is essential to the success of subcellular proteomics, as cross-contamination of the various fractions will seriously affect the results obtained.
Secretome/exoproteome
In order to better understand how bacteria interact with, and be affected by the changes in their immediate environment, cell surface (cell wall or membrane associated) and extracellular proteins have increasingly being subjected to detailed proteomic investigation using 2-DE techniques. For pathogenic or commensal species of bacteria, these proteins may mediate key interactions with their proximal host cells, or components of the immune system. Consequently, these proteins may play key roles associated with disease pathogenesis (Jungblut, 2001; Tjalsma et al., 2004; Thein et al., 2010) . Proteins secreted from pathogenic species of bacteria have a wide range of functions, acting as degradative enzymes (e.g. proteases) or virulence factors (e.g. toxins), and may be essential for cell viability and proliferation (e.g. providing nutrients). In Gram-negative and -positive species, secreted proteins are transported via a variety of secretion systems to various locations, including being anchored to the cytoplasmic membrane, associating with the cell wall, released into the extracellular milieu, or injected into a host cell (Desvaux et al., 2009) . Proteins that are found in the extracellular milieu constitute the extracellular proteome, which is also known as the exoproteome or secretome. These proteins have been shown to contribute to bacterial adaptability to environmental changes and play crucial roles in infection (Tjalsma et al., 2004; Desvaux et al., 2010) . Due to their key functions, extracellular proteins are generally good targets for antimicrobial therapies. Furthermore, the immunogenic properties of many proteins secreted by pathogenic bacteria make them prospective candidates for the development of subunit-or epitope-based vaccines (Bumann et al., 2004; Gupta et al., 2009) .
With ongoing advancements in computational technologies and genome sequencing efforts, secreted bacterial proteins can be predicted or identified based on the secretion signals present in the encoded protein sequence (Desvaux et al., 2009 ). However, in silico predictive approaches are generally based on previously reported experimental results, and are often error prone (Antelmann et al., 2001; Gardy and Brinkman, 2006) . In addition, several secretion signal independent secretion pathways have been identified (Bendtsen et al., 2005) . Proteomics therefore represents the most straightforward way to directly identify extracellular proteins in vivo. To study the bacterial exoproteome, the protein content of the cell culture supernatant is generally collected either by protein precipitation, ultrafiltration or a salting-out method, then analyzed by 2-DE. It has successfully contributed to the delineation of several secretory pathways in bacteria. One notable example is the elucidation of the Twin arginine translocation (Tat) pathway in B. subtilis. The discovery and experimental validation of the first Tat-substrate, secreted alkaline phosphodiesterase (PhoD), in B. subtilis was achieved through the use of 2-DE analysis (Jongbloed et al., 2000) . The secretomes of multiple tat mutant strains were compared with wild type B. subtilis, which revealed that proteins that were secreted by the Tat pathway were not solely dependent on the presence of RR-or KR-motif, the typical twin-arginine signal peptide in Gram-negative bacteria (Jongbloed et al., 2000) .
Secretome analysis of various pathogenic bacteria, including Aeromonas hydrophila, L. monocytogenes, H. pylori, B. anthracis, B. subtilis, S. aureus and Pseudomonas aeruginosa, has not only identified known virulence factors, but has also revealed previously uncharacterized secreted proteins that were involved in pathogenesis Nouwens et al., 2002; Tjalsma et al., 2004; Trost et al., 2005; Chitlaru et al., 2006; Sibbald et al., 2006; Yu et al., 2007) . For example, in S. aureus, the function of the diacylglycerol transferase (Lgt) virulence factor was revealed by comparing the exoproteomes of wild type and Lgt mutants with impaired virulence (Sibbald et al., 2006) . In the fish and human pathogen A. hydrophila, 2-DE was used to identify a variety of virulence factors, including lateral flagellar proteins, proteases, lipases, hemolysin, aerolysin and glycerophospholipid cholesterol acyltransferase that were secreted to the cell surface, or released into the media . In Legionella pneumophila (the bacterial pathogen responsible for legionnaire's disease), type II protein secretion is known to be involved in virulence. DebRoy et al. used a comparative 2-DE analysis of the culture supernatant of wild type L. pneumophila versus a type-II secretion mutant, to identify 20 proteins via the type-II secretion pathway (DebRoy et al., 2006) . This included a previously undescribed chitinase A protein, which was subsequently implicated in infection using an A/J mouse model, promoting persistence in the lung. These examples highlight how 2-DE may make important contributions towards understanding the molecular mechanisms of various extracellular proteins in bacterial virulence.
Cytosolic proteins are often found in the bacterial exoproteome. Some of these are classified as 'moonlighting' proteins. The term moonlighting means that, in addition to its well established activities, a protein also has an additional, but often completely unrelated, function (Henderson and Martin, 2011) . A classic example is glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Well-established as an important enzyme in glycolysis, with a typical cytoplasmic localization, GAPDH has also been found on the cell surface. First reported in group A streptococci, streptococcal GAPDH proteins are also located on the cell surface, where they bind to lysozyme, cytoskeletal proteins and fibronectin (Pancholi and Fischetti, 1992; Jeffery, 2009; Henderson and Martin, 2011) . In addition to moonlighting proteins, contamination with cytosolic proteins released after cell lysis cannot be ignored. Therefore, a thorough analysis of the culture supernatant must be performed, such as monitoring for the presence of confirmed cytoplasmic protein markers. © Higher Education Press and Springer-Verlag Berlin Heidelberg 2012
Membrane proteins
In addition to the secretome, membrane and cell wall-associated proteins are other classes of bacterial proteins that come into direct contact with the extracellular environment. As mentioned earlier, 2-DE has notable limitations for the analysis and resolution of membrane proteins. Nonetheless, extensive efforts have been devoted to devising methods that can be used to solubilize membrane proteins using combination of surfactants and chaotropes, enabling their analysis using 2-DE approaches (Santoni et al., 2000; Rabilloud, 2009) . In their pioneering work, Molloy et al. described the use of an alkaline solution of sodium carbonate to dissolve outer membrane proteins . Subsequent studies on the E. coli membrane proteins have optimized this sample preparation method, enabling 394 membrane proteins to be identified (Fountoulakis and Gasser, 2003) . Following this milestone in examining bacterial membrane proteins using 2-DE, many Gram-positive and Gram-negative bacterial membranes proteomes, such as those from Mycobacterium tuberculosis, Campylobacter jejuni, P. aeruginosa and S. aureus have been investigated (Nouwens et al., 2002; Bunai and Yamane, 2005; Gatlin et al., 2006; Poetsch and Wolters, 2008) . Membrane proteins are often highly immunogenic, and have been investigated in search of potential vaccine targets. They are usually analyzed in combination with immunogenicity studies, forming a field known as immunoproteomics (See section below).
Differential proteomics
As mentioned earlier, the use of 2-DE to catalogue all the proteins expressed by a bacterium during a particular set of (culture) conditions may be extremely useful for gaining insight into its cellular physiology. However, comparative bacterial proteomics can be performed using several different approaches, including genotypic alternation, genetic differences, environmental perpetuation or differences in growth condition. In such approaches, various cellular processes are disrupted or perpetuated, in order to identify complex, interconnected regulatory or functional protein networks within the bacterium. In genotypic alteration, the global effects of a particular gene or group of genes (e.g. operon) are examined by comparing the protein profiles of wild type and mutant strains that are grown under identical conditions. Changes in the expression of all the proteins that are involved in the regulation reflect the regulatory circuits of the gene/operon under study, i.e. the 'regulon.' To analyze the effects of genetic differences, the proteomes of strains belonging to the same species with notably different phenotypes are systematically compared, to help identify the proteins underlying the phenotypic differences. For example, to compare the expression of cytoplasmic and membrane proteins within carcinogenic and non-carcinogenic strains of H. pylori, in an effort to reveal their carcinogenic potential. They identified 26 differentially expressed proteins, many of which had not previously been reported to be related to gastric cancer (Franco et al., 2009) . A missense mutation of the flagellar protein FlaA, which led to the formation of a different FlaA isoform, was found to be related to the morphology of the carcinogenic phenotype.
2-DE is also an invaluable tool for understanding how bacteria adapt their physiology in response to various environmental conditions. The sophisticated networks underlying bacterial adaptation or survival processes under different conditions are reflected in cellular protein composition. Gaining a detailed knowledge of how pathogenic bacteria adapt to the changing environments encountered during their normal life cycle, including their interactions with natural and opportunistic hosts, is of fundamental importance. 2-DE proteomic techniques have enabled the downstream proteins controlled by key regulatory proteins to be identified, giving us significant insight into various cellular metabolic and regulatory networks. They have also enabled the identification of various stress-associated or stress-specific protein markers (Phillips and Bogyo, 2005) . Environmental stresses influence a plethora of physiological activities in the bacterium. Protein expression or activities are systematically altered as a means to resist, or adapt to external stress. Over recent years, proteomic approaches have become increasingly popular for the characterization of changes in protein synthesis, after the exposure of the bacterium to various types of cellular stress. 2-DE has been the method of choice for research in the field of stress response/environmental adaptation, due to its capability of quantifying differential protein expression in a global manner (Renzone et al., 2005; Hecker et al., 2008) . Extensive comparative proteomic analyses have been performed in E. coli and several other bacterial species, successfully revealing several novel regulatory networks (Han and Lee, 2006) . The ability of a bacterium to detect and appropriately respond to various stresses/environmental stimuli is of paramount significance to its survival abilities within different hosts or natural reservoirs. Many bacterial pathogens sense certain environmental indicators such as the host's body temperature, osmolarity, pH, iron levels, as well as other host derived signaling molecules, and use these as cues for large-scale physiological adaptation (Hueck, 1998; Konkel and Tilly, 2000) . Bacteria have also developed protective mechanisms, which respond to various chemical and physical stresses, such as heat, oxidative agents, UV radiation and heavy metals, in order to improve their survival ability (Hecker et al., 2008; Lau et al., 2011) . To illustrate how 2-DE can contribute to the understanding of bacterial environmental adaptation, we highlight several regulatory pathways initiated in response to temperature changes.
Temperature is a critical environmental signal that varies dramatically as the bacterium inhabits different environments. Pathogens such as S. flexneri, Bordetella pertussis and Yersinia pestis respond to temperature alterations by increasing the expression of sets of temperature-regulated genes during the entire period when the bacteria remain at an elevated temperature (Konkel and Tilly, 2000; Coote, 2001; Marceau, 2005) . Temperature adaptation by pathogens differs from stress tolerance responses, such as a 'heat-shock' or 'cold-shock,' in which stress response is a transient process that triggers regulons which govern cellular damage control processes. It is a process in which bacteria respond and adapt to temperature changes in the extracellular environment by expressing certain subsets of genes that are required for energy conservation or the optimization of various physiological or growth processes (Konkel and Tilly, 2000) . These mechanisms involve preserving the flexibility, topology and interactions of macromolecules such as DNA, RNA and proteins, maintaining the viscosity of the cell membrane, protection from cell disruption by producing osmoprotectants, and maintaining appropriate intracellular diffusion rates and enzyme kinetics (Thieringer et al., 1998; Phadtare et al., 1999; Gao et al., 2006) . For example, protein expression in Gram-negative bacterium Laribacter hongkongensis cultured at 20°C and 37°C were compared using 2-DE . L. hongkongensis is a recently discovered β-Proteobacterium that is associated with community-acquired gasteroenteritis and traveler's diarrhea (Yuen et al., 2001; Woo et al., 2004; Woo et al., 2005) . It can inhabit in the intestines of freshwater fish, frogs and humans, and can also grow independently in freshwater environments (Woo et al., 2004; Teng et al., 2005; Lau et al., 2007; Ni et al., 2007; Lau et al., 2009) . Therefore it needs to cope with varying environmental temperatures in these different growth habitats. Woo et al. identified 12 protein spots that were differentially expressed at these distinct environmental and human host temperatures. Among these, two isozymes of N-acetylglutamate kinase, a key enzyme in the arginine biosynthesis pathway, gave opposing expression patterns at these two temperatures . These 2-DE analyses clearly illustrated that temperature significantly altered the global expression of proteins, promoting the survival of the bacterium in these distinct niches. In Yersinia enterocolitica, the production and secretion of the Yop effector virulence factors are promoted at 37°C but not 30°C, whereas other virulence factors, including urease and the O-antigen outer core lipopolysaccharide are upregulated at lower temperatures (de Koning-Ward and Robins-Browne, 1997; Skurnik et al., 1999; Trülzsch et al., 2003; Marceau, 2005) .
Mimicking growth conditions in the host is also a way to investigate bacterial metabolism during infection processes, which is of key importance for understanding disease pathogenesis and proliferation. 2D-DIGE experiments revealed that uropathogenic E. coli (UPEC) grown in human urine had 84 differentially expressed proteins, compared with growth in LB media (Alteri et al., 2009) . It was found that enzymes involved in peptide uptake, gluconeogenesis and the tricarboxylic acid cycle were required for the 'fitness' of E. coli during urinary tract infection, suggesting that peptides and amino acids act as the primary carbon sources during infection of the urinary tract.
Post-translational modifications (PTMs)
Although PTMs are traditionally assumed to predominate in eukaryotes, the importance of protein PTMs in bacterial systems has gained increasing attention over recent years (Deutscher and Saier, 2005) . Proteins can be modified post-translationally in order to be activated, deactivated or to 'mark' them for degradation. In bacteria, protein modifications are involved in signal transduction and regulatory processes, modulating protein stability, activity, molecular interactions, as well as their subcellular localization. 2-DE is a useful approach for the identification of global PTM patterns, as they can be visualized directly on the 2-D gel. One of the most common PTMs is protein phosphorylation, in which the modified protein will have an overall net gain in negative charge, originating from the addition of a phosphate moiety to the reactive groups of various amino acid side chains. These commonly include hydroxyl groups (Ser, Thr, and Tyr), carboxyl groups (Asp), as well as amino or imidazole ring nitrogens (Lys, Arg, and His). In bacterial signaling, His and Asp phosphorylation is the most commonly studied regulatory mechanism in two component systems (Swanson et al., 1994) . However, this type of modification is chemically unstable at neutral or lower pH values (pH < 8), and thus detection by MS is very difficult. There is now a growing attention towards the analysis of serine/threonine/tyrosine phosphorylation in bacteria, as it has been shown to be related to various key cellular processes including cell cycle, cell differentiation, stress response, and virulence and persistence (Deutscher and Saier, 2005) . This mode of phosphorylation is acid stable, and therefore it is comparatively more practical for proteomic analysis. Using colorimetric Pro-Q Diamond® (Invitrogen) staining, 32 P/ 33 P-radiolabeling or with the aid of phosphoprotein specific antibodies, phosphoproteins resolved on the 2-D gel can be revealed. 2-DE methods have been used to analyze the phosphoproteomes of several bacterial species, such as E. coli, Corynebacterium glutamicum, Neisseria meningitidis and B. subtilis (Cortay et al., 1986; Bendt et al., 2003; Macek et al., 2007; Bernardini et al., 2011) . The phosphorylated proteins identified were involved in a variety of different cellular processes, such as central metabolism, with many having housekeeping functions. However, 2-DE may be less capable of detection of proteins involved in regulatory signal transduction pathways, as these proteins often exist in low abundance. In addition, the low recovery of (phosphorylated) peptides using in-gel digestion, usually leads to poor protein sequence coverage, which is the major problem associated with the detection of phosphorylation sites. Therefore, gel-free approaches have also been in-© Higher Education Press and Springer-Verlag Berlin Heidelberg 2012 creasingly adopted for the investigation of the bacterial phosphoproteome. Nevertheless, 2-DE techniques remain highly valuable and informative approaches for the characterization of bacterial protein phosphorylation patterns.
Immunoproteomics
The use of 2-DE in conjunction with immunoblotting has proven to be a highly useful approach for the identification of immunogenic proteins. It has been particularly well used for investigations into pathogenic bacterial species, as a method to identify or characterize virulence factors, drug/vaccine candidates, for immunodiagnosis, as well as for protein PTM detection as described above (Cash, 2011) . 2-D immunoblotting approaches are analogous to the procedures used for traditional 1-D gel immunoblotting (e.g. Western blotting). This involves electrotransferring the proteins from 2-D gel onto a chemically resilient (e.g. PVDF) membrane, sequential blotting with the primary then (conjugated) secondary antibodies, with subsequent detection of the label on secondary antibodies, to enable protein quantitation. The high resolving power of 2-DE enables the separation of complex protein mixtures, so that immunodetection should have good specificity, although co-migrating proteins can sometimes occur. Therefore, the detection result must be assessed with care. This type of 2-D immunoproteomic approach is used to identify immunogenic proteins (antigens) in pathogens as well as helpful for the understanding of the virulence factors and etiology. One example in the immunoproteomic analysis of H. pylori using sera from patients infected with H. pylori identified 32 protein candidates, in which 9 of them were novel antigens, including hypothetical protein HP0231, serine protease HtrA and Cag3 (Haas et al., 2002) . Some of these novel antigens can trigger highly specific protective efficacies for Helicobacter in mouse models, showing that this approach can aid in diagnostic and vaccine design . Identification of immunogenic proteins can also be combined with subcellular protein fractions to provide an extensive picture of a pathogen's antigenic candidates. Immunoproteomic profiling of secreted and subcellular protein fractions of Mycobacterium immunogenum identified 33 protein species over the 4 cellular locations under investigation (Gupta et al., 2009) . Apart from previously known mycobacterial antigens, 25 novel immunoreactive proteins are predicted to function in virulence as well as play diverse metabolic roles. The protein spots identified with major intensities were found to induce host response, demonstrating that they can be potential drug targets. Positive recognition of the protein species resolved on 2-D gel by patient or animal sera demonstrates the in vivo expression of the specific protein (antigen) and is deemed to be interacting with the immune system. In this regard, immunoproteomic approaches are of notable importance for vaccine development as well as the clinical diagnosis of bacterial infections.
COMPLEMENTING 2-DE: THE EMERGENCE OF NON-GEL BASED APPROACHES
Over the past few years, a number of alternative techniques have been developed to overcome some of the limitations associated with gel-based methods for proteome analysis, especially regarding speed and sensitivity (Gevaert et al., 2007) . Using a standard 2-DE approach, protein components are resolved as individual 'spots' on a gel, which are then picked, digested, and analyzed by MS. Recent efforts have focused on devising gel-free methods for protein separation, which can be efficiently coupled with existing MS methods for downstream analysis and identification (Aebersold and Mann, 2003; Gevaert et al., 2007; Dowell et al., 2008) . In general, these gel-free methods involve 'shotgun proteomic' approaches, in which the complex protein mixtures are directly digested into many thousands of peptide fragments, which are then pre-fractionated using one or more chromatographic steps, followed by in-line MS analysis. Typically, proteins are trypsin digested, after which the resultant peptides are separated using anion or cation-exchange chromatography, and/or reverse phase chromatography (i.e. one or two dimension separations). Ion exchange (IEX) chromatography separates the peptides by charge, whilst reverse-phase (RP) chromatography separates them by hydrophobicity, resolving by means of two different biophysical properties (two dimensions). The use of liquid chromatography (LC) enables the convenient removal of common contaminants such as salt and detergents prior to MS analysis. The other major advantage with LC is that it may be directly coupled to a mass spectrometer, typically a tandem mass spectrometer, i.e. (LC-MS/MS), for greatly improved speed and efficiency. The high throughput and sensitive nature of this technique has made it an increasingly popular approach for (comparative) proteome profiling (Link et al., 1999; Qian et al., 2006) .
Multidimensional protein identification technology (MudPIT) is another popular method for protein identification in very complex protein mixtures. It is based on the coupling of a two-dimensional LC separation to tandem mass spectrometry. In this method, the trypsin digested peptide mixture is loaded onto a biphasic microcapillary column containing a strong-cation exchange (SCX) resin upstream of an RP resin. Peptides are readily eluted from the RP resin under an acetonitrile gradient for subsequent online analysis by MS/MS (Washburn et al., 2001) . A large number of peptides can be resolved, analyzed and identified in a single run, upon iterating the separation and elution steps using slightly different buffer/solvent parameters. Other non-gel proteomic approaches involving the multiplexing of different separation methods to mass spectrometry have also emerged. They have been used for high throughput protein identification, differential protein expression analysis, as well as PTM analysis. These methods have been comprehensively reviewed elsewhere (Roe and Griffin, 2006; Gevaert et al., 2007) .
CONCLUDING REMARKS AND FUTURE PERSPECTIVES
2-DE has contributed greatly towards our general understanding of bacterial proteomics. Its robust and reliable nature has made it a popular and enduring analytical technique. Despite its intrinsic limitations, it remains an extremely powerful and straightforward method for the global analysis of bacterial protein expression patterns. We envision that it will continue to evolve and mature, with fresh developments extending its resolution and range. Over forthcoming years both 2-DE and gel-free proteomic methods will be used in a highly complementary manner, to generate fresh insight into key roles played by proteins in bacterial biology, cellular physiology and disease pathogenesis.
